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Abstract
Dye-sensitized solar cells (DSSC) are low-cost alternatives to conventional solar cells
that can work well in low-light conditions.

Despite considerable study on improving the

efficiency of DSSCs, the current liquid electrolyte cell has plateaued at a conversion efficiency
of ~ 12%. A major problem with these cells regarding their applicability is the low viscosity and
high volatility of the toxic electrolyte, i.e., acetonitrile, which cause leakage and volatilization.
We propose that using ionic liquids (ILs), which are more viscous, less volatile, and conductive,
may be more suitable electrolytes. However, one unwanted side effect of the higher viscosity of
the ILs may be an incomplete infiltration of the DSSC’s nanoporous TiO2 electrode. Here, we
present a study of DSSCs with TiO2 inverse opal electrodes of controlled pore sizes (0.1-1 m)
and ionic liquid derivatives of 1-alkyl-3-methylimidazolium tetrafluoroborate (alkyl: ethyl, butyl,
and decyl) with viscosities ranging from 25.2 to 721 cP. The stability and functionality of the
DSSCs is tested using electrochemical techniques that yield current-voltage and power curves.
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Chapter 1: Introduction
The demand for global energy is growing with an ever increasing population and need for
electricity. The continued growth of the global population poses an enormous challenge in
meeting the rising energy demand in the near future. Currently, the majority of energy comes
from non-renewable sources. According to the National Renewable Energy Laboratory (NREL),
the scarcity of non-renewable supplies could arrive as early as 2050.(1)

Moreover, the

combustion of non-renewable fossil fuels produces greenhouse gas emissions such as carbon
dioxide, which are believed to impose a considerable impact on global warming and climate
change.

The rising energy demand coupled with environmental concern has motivated the search
for alternative, environmentally-friendly energy sources. Renewable energy sources, such as
solar, hydropower, and wind, have the potential to meet the rising energy demand according to
the International Energy Agency (IEA). Solar energy is the most abundant permanent energy
resource on earth. Solar photovoltaic (PV) technology has received attention as a potentially
more secure sustainable energy source. (2)
Second generation solar cells, such as Dye-sensitized solar cells (DSSCs), were
developed to reduce the cost by minimizing the amount of silicon used in the cell. Although the
cost of producing DSSCs is lower than silicon solar cells, they have proven to be less efficient.
From Figure 1, it can be seen that from the initial design of the cell in 1991, up until 2010, the
efficiency of the liquid electrolyte DSSCs has remained very low (7.1% - 11.1%). The ultimate
aim is to improve the efficiency of the DSSC beyond 11.1%. The cell presents a range of areas
for improvement due to its moderate efficiency. One parameter that this thesis aims to focus on
is improving the lifetime of the cell by testing the suitability of ionic liquids as electrolyte
solvent.
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Figure 1. Solar PV Cell Efficiencies (1)
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Chapter 2: Background
2.1 Dye-sensitized Solar Cells (DSSCs)
Dye-sensitized solar cells (DSSCs) have emerged as one of the primary alternatives to
solid-state semiconductor photovoltaic (PV) cells. DSSCs, also known as Grätzel cells, were
drastically improved in 1991 by Brian O’Regan and Michael Grätzel.(3) However, Grätzel was
not the first person to work on the use of charge-transfer dyes in photoelectrochemical solar
cells.

Researchers prior to Grätzel focused on a DSSC design, which incorporated a

monomolecular layer of a sensitizer on a smooth surface. Grätzel explained that these devices
absorbed less than 1% of the incident monochromatic light, making them very inefficient.
Attempts to improve the efficiency of the DSSC, included, using a multilayer of dye, increasing
the roughness of the surface of the TiO2, and changing the electrode semiconductor to ZnO.(3)
Grätzel and O'Regan's breakthrough solution to increase the surface area and improve the
stability of the DSSC was achieved by developing films of nanometer size TiO2 particles. This
new cell design, of a 10 m-thick layer, of 15-nm sized TiO2 spheres, was expected to produce a
2,000 fold increase in surface area, when compared to the smooth surface. (3)

Working electrode (W.E.): NP TiO2 / TCO
Counter Electrode (C.E.): Pt/TCO
Electrolyte: Redox couple in Solvent

Figure 2. Schematic of a DSSC and the electron transfer pathway during operation
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The mechanism of the DSSCs mimics the process of natural photosynthesis in plants.(4)
Figure 2 schematically presents the mechanism of the Grätzel cell. The light absorption is
performed by a monolayer of dye molecules chemically attached to a semiconductor located on a
transparent conducting oxide (TCO) glass slide.

Charge transfer takes place at the

semiconductor/dye interface.(5) The dye is regenerated by the electron transfer from the redox
couple. At the counter electrode, the redox couple is reduced and the cycle continues.(3)

Traditional solid-state solar cells, i.e. crystalline silicon, exhibit an efficiency close to the
theoretical limit of 29%.(1) The traditional silicon based cell is composed of two solid phases of
semiconductor; a p-type doped silicon and an n-type doped silicon. When the two phases are in
contact, electrons in the n-type, travel to the holes in the p-type, resulting in an electric field,
which creates charge separation. The highest efficiency reported for DSSCs range close to
12%.(6, 7) As mentioned earlier, Grätzel and O'Regan drastically increased the surface area of
the TiO2 electrode, while that improved the light harvesting of the DSSC, it also introduced some
disadvantages. Due to the large heterogeneous interface and slow electron transport, electrons
become lost in the network.(4)

Figure 3. Dynamic competition of redox processes in DSSCs (8)
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The timeline for the various recombination processes is depicted in Figure 3. Initially,
the electron is injected into the conduction band of the TiO2 (~10-13s) from the photoexcited dye,
shortly after, the dye is regenerated (10-10s). The next event on the timeline scale is known as a
"dynamic competition", at this point, the electron transport may successfully occur, or interfacial
recombination may occur.(8) If the excited electron can find a path through the semiconductor
network to the conducting glass and through the circuit, a current will flow. However, if the
pathway is tortuous or random and leads to a "dead end", the electron may recombine with the
oxidized electrolyte molecule or the transparent conducting oxide (TCO). Recombination of the
excited electron with the oxidized dye can also occur, however, this is a very slow process and
does not limit the short-circuit photocurrent.(9) The key component to an efficient DSSC, with
minimal recombination is the introduction of the I-/I3 redox couple. Because the reduction of I3is kinetically slow at the TiO2 surface, almost all of the electrons that are photoinjected into the
TiO2 network, will make it through the external circuit.(9)
DSSCs have attracted an enormous amount of research interest due to the factors
currently limiting the performance of the device.(10) One parameter that this project aims to
focus on is the electrolyte solvent of the cell. The current electrolyte solvent used in DSSCs is
acetonitrile (AN), which is highly toxic and volatile (b.p. 81.60°C). Due to the low viscosity and
high volatility of AN, leakage and evaporation occur drastically, reducing the lifetime of the cell.
Although the efficiencies of the DSSCs at the present stage are lower than those of conventional
solar cells, the high ratio of the performance and price still makes DSSCs an attractive potential
solar cell technology to be commercialized.

2.2 Electrolytes for DSSCs
2.2.1 Liquid Electrolyte Solvent
As previously noted, the first functional DSSC was introduced in 1991, using an organic
liquid solvent containing the redox couple, LiI/I2, as the electrolyte. Organic solvents have
certain physical characteristics, such as, dielectric constants, viscosity, donor number, etc., that
affect the performance of the cell. It is the basic component in the electrolyte and it provides an
environment for the redox couple ions to dissolve and diffuse in. Organic solvents usually have
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high ionic conductivity, and good interfacial contact. The donor number of the solvent, i.e., a
measurement of polarity based on how a solvent interacts with a specific substance, influences
the open-circuit voltage (VOC) and short circuit current density (JSC) of the DSSCs; an increase in
the donor number of a solvent results in the increase of the VOC and a decrease in the JSC.(11)
Ionic liquids (ILs) are room-temperature molten salts, which are composed of an organic
component and an ion with a delocalized charge.(12) They are considered to be green solvents
and are prominent solvents in various fields of research because of that. ILs are more viscous and
less volatile (b.p. range: 200-300°C) than AN, which should improve the lifetime of the cell due
to reduced leakage and evaporation. The photovoltaic performances of DSSCs based on ILs
electrolytes, however, are lower than those using organic-solvent electrolytes.(13) One reason
for this is the iodine mobility associated with the relatively high viscosities of ILs.(11) The high
viscosity results in a low ion mobility for the triiodide ion (I3–) at higher levels of
irradiations.(13)
2.2.2 Solid-State Electrolytes
There are two designs for solid state DSSCs, one that uses hole-transport materials
(HTMs) as the medium and the other that uses a solid-state electrolyte, which contains the
iodide/triiodide redox couple as the medium. While the medium that contains the redox couple
operates in the same manner as the standard liquid electrolyte DSSC, the HTM electrolyte has a
process that is slightly different. DSSCs with HTMs also have a mesoporous TiO2 film, with a
monolayer of dye, however, the TiO2 film is in contact with a solid-state hole conductor, and it is
through this interaction that the dye is replenished in this system.
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Figure 4. Schematic of charge transfer in solid-state DSSCs with HTMs (11)
A schematic of charge transport for solid-state DSSCs with HTM is shown in Figure 4.
The original state of the dye is restored by an electron from the hole conductor, subsequently, the
hole conductor is regenerated at the counter electrode. Inorganic copper based HTMs, such as
CuI, CuBr, and CuCSN, have shown to be effective for use in DSSCs due to their good
conductivity (10-2S/cm), which enhances the hole conducting ability. (11)

Organic HTMs, which have the advantage of being a facile, low cost, and highly
accessible source, are also widely used in DSSCs, organic solar cells, organic thin films, and
organic light-emitting diodes. The DSSC based on the organic HTM 2,2',7,7'-tetrakis(N,N-di-pmethoxyphenylamine) 9,9'-spirobifluorene (OMeTAD) has been reported to have an overall light
to electricity efficiency of 0.74% in 1998.(14)

Improvement of dye adsorption and the

incorporation of spiro-OMeTAD resulted in the highest efficiency level (3.2%) for organic HTM
in DSSCs.(15)

Overall, the light-to-electricity efficiency of both organic and inorganic HTM DSSCs are
much lower than those of DSSCs that are based on liquid electrolytes. This is due to the high
rate of recombination from the TiO2 to the HTM, as well as low intrinsic conductivities. DSSCs
based on HTMs also experience poor electronic contact between the dye molecules and the
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HTM, this is caused by incomplete infiltration of the solid HTM into the mesoporous TiO2
electrode.

Solid-state DSSCs based on an electrolyte-containing redox couple have been developed
due to the low power conversions observed for DSSCs based on HTMs. The iodide/triiodide
redox couple has been proven to be the most effective redox couple for use in DSSCs because of
the important role it plays in the charge transport in the cell. Ambient temperature plastic
crystals in the presence of the iodide redox couple were fabricated and achieved an efficiency of
6.5%. (16) The efficiency of these cells is greater than that of the HTM based cells due to a
decrease in recombination processes, as well as better interfacial contact properties of the solidstate electrolytes compared to HTMs.
2.2.3 Quasi-Solid State Electrolytes
Quasi-solid state electrolytes are not considered to be a liquid or solid. These electrolytes
are described as being a system that consists of a polymer network that is swollen with liquid
electrolyte. Due to the hybrid nature of quasi-solid electrolytes, it simultaneously possesses the
cohesive property of a solid and the diffusive transport property of a liquid. The electrolyte is
generally prepared by incorporating a large amount of liquid electrolyte into an organic polymer
matrix, forming a stable gel. Quasi-solid-state electrolytes show better long-term stability than
liquid electrolytes do, while also maintaining the merits of liquid electrolytes (high ionic
conductivity and excellent interfacial contact property).
2.3 Inverse Opal Structure
An inverse opal, also referred to as a three-dimensional ordered macroporous (3DOM)
structure, is a photonic crystal that researchers have explored as a new potential structure for the
working electrode of DSSCs. It is suggested that the introduction of an inverse opal structure in
the DSSCs will provide less tedious/random pathways for electrons to travel through the circuit,
resulting in minimal recombination losses.(17) The very porous structure can also be used to
integrate more viscous liquid electrolytes, and in turn, reduce the leakage and evaporation
problem that has limited the progress of DSSCs.
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Chapter 3: Fabrication of Inverse Opal Electrode
In order to incorporate more viscous electrolytes, titanium dioxide (TiO2) inverse opal
(IO) electrode structures of varying pore sizes (0.1, 0.5, and 1.0m) will be used as the
semiconductor electrode and compared to the NP TiO2 electrodes. The porous character of the
inverse opal electrodes, i.e., their three dimensional ordered macroporous structure, provides a
large contact area between the electrode and the electrolyte. In addition, the more porous
structure should enable enhanced diffusion of the more viscous IL electrolytes into the porous
electrode.
3.1 Convective self assembly of Opal template
Self-assembly is described as a process in which disordered components organize into
ordered patterns and structures without external direction. The process of convective selfassembly in thin films relies on the interaction at the interface between the liquid, the air, and the
solid substrate. Figure 5 shows a schematic depicting the overall process.

In convective self assembly, when the solid substrate (glass slide), is partially submerged
into a colloidal solution, colloidal crystallization is initiated by attractive capillary forces. A
meniscus forms at the surface as the solvent evaporates. Due to the induced aggregation of these
particles during evaporation, there is a convective particle flux towards the drying layer from the
bulk solution, as shown in Figure 5.(18)

Figure 5. Schematic of convective self-assembly (18)
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3.1.1 Experimental Method - Opal Fabrication
Opal templates were prepared from colloidal suspension (0.2% w/v) of sulfate-latex
polystyrene (PS) particles purchased from Invitrogen. A 20 nm layer of TiO2 was deposited on a
fluorine-doped tin oxide (FTO) glass slide using physical vapor deposition (PVD). The TiO 2
layer was applied to the FTO slide to act as a blocking layer and minimize recombination losses.
The TiO2 FTO was then partially submerged in the colloidal suspension as shown in Figure 6.
The vessel containing the FTO slide and solution was placed in an oven at 55±5°C overnight.
The sizes of PS particles used in these experiments were 0.1 ± 0.0 m, 0.5 ± 0.1 m, and 1.0 ±
0.4 m here after referred to as 0.1, 0.5, and 1.0 m particles.

Figure 6. Self assembly of opal template (17)
Fabrication of 0.1 m TiO2 inverse opals was problematic due to severe film cracking at
55°C during opal fabrication. Figure 7 provides a clear image of the damage these films
endured. At the edge of the structure, the dried particle film lifted off of the surface of the FTO
glass slide, which facilitated in the overall flaking on the opal structure.

Figure 7. Film cracking of 0.1 m opal at 55°C (left), minimal film cracking at 100°C
(right)
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According to Russell, these films undergo deformation due to evaporation and externally
applied stresses. At temperatures that are lower than the ambient temperature, a homogenous
film is formed by the diffusion of polymer chains across the contacting interfaces. Shear stresses
are generated in the film as a result and tensile stress is generated in the transverse plane.(19) In
order to reduce the cracking, opal fabrication for 0.1 m opals was carried out at 100°C. As
shown in Figure 7, there is noticeable difference in the amount of cracking present in the
structure at the two temperatures.
3.2 Fabrication of Inverse Opal
The inverse opal structures were prepared via two methods, liquid phase deposition
(LPD) and co-assembly as described by Mathew, 2013.(17) Inverse opals were prepared through
infiltration of opal pores with titania precursor solution, using the capillary forces resulting from
the setup shown in Figure 8. The infiltrated template was then calcined at 450°C to achieve the
anatase crystal structure of titania. The recipe for preparing the precursor solution was obtained
from Scolan and Sanchez, 1998.(20) Titanium (IV) isopropoxide (Fisher Scientific), 1-butanol,
acetylacetone (Sigma-Aldrich), para-toluenesulfonic acid, and Millipore AU4 deionized water
were used. A 10% aqueous solution of titanium (IV) bis-ammonium lactate dihydroxide (TiBALDH) (Sigma-Aldrich) was used as the precursor for the co-assembly method.

Figure 8. Infiltration with TiO2 precursor
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3.3

Results and Discussion
Inverse opals were prepared using both the LPD (0.1, 0.5 and 1.0 m) and co-assembly

(0.5 and 1.0 m) methods.

Figure 9. LPD Polystyrene 1.0 m opal structure; 100X on optical microscope
Figure 9 shows an optical microscope image of a 1.0 m PS opal template produced using the
LPD method.
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Figure 10. 1.0 m TiO2 Inverse Opal via LPD
Scanning electron microscopy (SEM) was used to obtained detailed images of the
resulting inverse opal structures. Figures 10 and 11 show SEM images of the resulting 1.0 m
inverse opal structures produced via the LPD and co-assembly methods. In Figure 10, there is a
very distinct triangular pattern which suggest that the inverse opal has a highly ordered closepacked (mixture of FCC and HCP) crystal structure.

Figure 11. 1.0 m TiO2 Inverse Opal via co-assembly
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During the calcination process, TiO2 changes from the amorphous structure to the anatase
crystal structure. This structural conversion results in a much shorter lattice constant for anatase.
As a result of this conversion, pore sizes are 31% smaller than the original opal template, which
causes noticeable cracking in the final inverse opal structure.(17)

We can conclude, from the above figures, that LPD produces a superior inverse opal
structure in comparison to co-assembly and is the desired method for further TiO2 inverse opal
electrode fabrication. Similar results were achieved for 0.5 m I.O. as shown in Figure 12.

Figure 12. 0.5 m TiO2 Inverse Opal; via LPD (left) and co-assembly (right)
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Chapter 4: Ionic Liquid as Electrolyte Solvent
The ionic liquids that were chosen for this experiment are derivatives of 1-alkyl-3methylimidazolium (alkyl: ethyl, butyl, decyl) tetrafluoroborate([CnMIM] [BF4]); n = 1-18). The
viscosities of each derivative at room temperature are listed in Table 1 and were provided by the
seller, IoLiTec. A range of viscosities was used in order to observe the effectiveness and
limitations of inverse opals depending on the pore size.

Electrolyte Solvent

Chemical Structure

Viscosity (cP)
(25°C)

Acetonitrile (AN)

0.34

1-ethyl-3-methylimidazolium
(EMIM)
Tetrafluoroborate (BF )

25.2

1-butyl-3-methylimidazolium
(BMIM)
Tetrafluoroborate (BF4)

103.5

1-decyl-3-methylimidazolium
(DMIM)
Tetrafluoroborate (BF4)

721

4

Table 1. Electrolyte solvents with respective viscosities

The imidazolium group was chosen as the cation for this project because it is one of the
most studied groups of ILs in the field at the moment. The hygroscopic nature of the ionic liquid
resides in the anion component of the IL. Tetrafluoroborate was used as the anion because while
it is still hygroscopic, it is stable in air and collects a minimal amount of water in comparison to
other available anions.(21) In order to keep the amount of changes to our system minimal, the
viscosity was increased by simply increasing the length of the alky chain on the cation.
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Chapter 5: Photoelectrochemical Characterization
5.1

Photoelectrochemical Characterization
The photoelectrochemical analysis of DSSCs was carried out using the Gamry Reference

600 Potentiostat. Current-voltage curves were obtained via Linear Sweep Voltammetry (LSV)
and Impedance curves via Potentiostatic Electrochemical Impedance Spectroscopy (PEIS).
Since DSSCs can be geared towards indoor use, the light source used was a 60-Watt fluorescent
bulb at a constant intensity of ~17,000 LUX for all cells.

Figure 13: Gamry Femtostat Reference 600 Potentiostat cage setup
5.1.1 Linear Sweep Voltammetry
Linear Sweep Voltammetry (LSV) provides a current-voltage (I-V) curve for a given
system.

This is done by sweeping the potential with time and recording the i-E curve

directly.(22) Essentially, the LSV curve is the first portion of the Cyclic Voltammetry (CV)
curve.
Current-Voltage (IV) and Power-Voltage (PV) Curve
Characteristics of the cells, such as the open-circuit voltage (VOC), short-circuit current
(ISC), Power (P), and efficiency, are determined from the information generated in the LSV
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experiment. Figure 14 shows a typical IV and PV curve generated for photovoltaic cells. The
VOC is the maximum potential from the device when the current is 0 A and the ISC is the
maximum current of the device at 0 V, under constant illumination intensity.

Figure 14. Typical IV and PV curves for photovoltaic devices (23)
The maximum power point, which is indicated by Pmax in Figure 14, is where the product of the
voltage and current reaches its maximum value. The (I,V) values found at this maximum power
point are indicated by Imp and Vmp in Figure 14.
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Chapter 6: Photoelectrochemical Investigation of DSSCs
6.1

DSSC Assembly

Control Electrode Preparation
Commercial titanium dioxide (TiO2) nanoparticle (NP) powder is mixed with Triton-X
and diluted acetic acid to create a TiO2 paste. The paste is then spread over the surface of the
TiO2-coated FTO slide.

It is then calcined at 450°C to produce nanoporous TiO2 control

working electrodes.
DSSC Assembly
The TiO2-working electrode (NP or IO) is then submerged into the ruthenium based
sensitizer,

bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N′-bis(4-carboxylato-4′-carboxylic

acid-2,2′-bipyridine)ruthenium(II) (N719), for 24-48 hours. The counter electrode is prepared by
depositing a 10 nm layer of platinum (Pt) onto the surface of the FTO glass slide using PVD.
Two holes are drilled into the counter electrode, as shown in Figure 15, in order to fill the cell
with the electrolyte. The cell is then sandwiched together using heat and 305 m surlyn tape as
the adhesive. The electrolyte (AN or ILs) of the cell is injected and the holes are covered using
surlyn tape.
a

b

Figure 15. Completed control DSSC. (a) Working electrode view: NP TiO2 coated; (b)
Counter electrode view: Platinum coated FTO.
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6.2

Analysis of Control DSSC
Electrochemical analysis is carried out on three NP TiO2 control DSSCs over a six day

period to observe the effect of aging on the current-voltage (IV) characteristics due to a changing
electrolyte volume. Figure 16 shows the IV curve for the control DSSCs. It is apparent from the
graph in Figure 17, that the open circuit voltage (VOC) of the cells on "Day 1" is different from
all the other days. The decrease in the current is attributed to the leakage problem. The volume

Current (A)

of the electrolyte solvent in the cell decreased daily, resulting in a reduction of the current.

4.0x10

-4

3.0x10

-4

2.0x10

-4

1.0x10

Day 1

Day 2

Day 3

-4

0.0

Day 4
Day 5
Day 6

0.0

0.1

0.2

0.3

0.4

0.5

Voltage (V)
Figure 16. Current-voltage curve for Control DSSC
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Figure 17. The change in VOC vs. Time for Control DSSC shown in Figure 16
From the information provided in Figure 16, a power-voltage (PV) curve, shown in Figure 18,
was constructed to further analyze this difference in the VOC. The change in VOC is still
noticeable; however, there is also a shift in the voltage of the maximum power point of the cell.

1.00E-04
9.00E-05
8.00E-05

Power (W)

7.00E-05
6.00E-05
Day 1

5.00E-05

Day 2

4.00E-05

Day 3
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Day 4

2.00E-05
1.00E-05

0.00E+00
0.00E+00 1.00E-01 2.00E-01 3.00E-01 4.00E-01 5.00E-01 6.00E-01
Voltage (V)

Figure 18. Power-voltage curve of control DSSC
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From the data presented in Figures 16 and 18, it was concluded that one of the
components of the cell needs a day to stabilize; either the electrolyte solution or the dye. To test
this conclusion, a new set of cells are constructed. On "Day 1", current-voltage curves are
obtained. However, on "Day 2", the electrolyte of the cell is removed and replaced with a new
batch. The results are displayed in Figure 19.

1.00E-04
9.00E-05
8.00E-05
Power (W)

7.00E-05
6.00E-05

Day 1 _ 1

5.00E-05

Day 2_1

4.00E-05

Day 4_1

3.00E-05

Day 5_1

2.00E-05
1.00E-05
0.00E+00
0.00E+00 1.00E-01 2.00E-01 3.00E-01 4.00E-01 5.00E-01
Voltage(V)

Figure 19. Power-voltage curve for control DSSC. Electrolyte solution was replaced after
day one.

In Figure 19, the data shows that there is still a noticeable shift in the power from "Day
1" versus the following days (Day 2, 4, and 6). From this data we concluded that the electrolyte
of the cell does not need any time to stabilize because a shift in the voltage of the maximum
power point would be expected again for "Day 2". It can further be concluded that the dye
molecules seem to need a day to stabilize. Due to this stabilization time, data from day one is
not being reported, as it does not give a valid representation of the overall IV characteristics of
the cell. "Day 2" is considered as the optimal day and all photoelectrochemical experiments will
be reported for the 2nd day (Day 2).

Page | 24

6.3

Photoelectrochemical Results
LSV is carried out for the NP and the 0.1, 0.5 and 1.0 m inverse opals (IO) in the

presence of four different electrolyte solvents: Acetonitrile (AN), [EMIM][BF4], [BMIM][BF4],
and [DMIM][BF4]. Results are shown for 1.m DSSCs with AN and EMIM BF4. Comparable
results have been obtained for the NP and the 0.1 and 0.5 m IO electrodes.
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Figure 20. 1.0 m TiO2 inverse opals DSSCs with Acetonitrile (AN) and EMIM. Current
density-Voltage curves and Power-density –Voltage curves shown.
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Figure 20 shows that the VOC for the ILs are lower than the VOC for AN, this can be
attributed to a more negative conduction band edge and somewhat lower electron
accumulation.(24). A noticeable decrease in the current density is seen in both AN and EMIM
plots. However, there is a constant decrease over the six recorded days for the AN cell due to the
change in volume of the electrolyte solution. The initial change of current density for the EMIM
plots can be explained by the stabilization time needed by the dye. From Day 2-Day 6, the
curves all overlap, as a result of little to no leakage of the cell.

Figure 21: Power density normalized by the internal surface area
of the semiconductor
Careful analysis of all LSV data collected on "Day 2", leads to power density values for
all systems studied and is summarized in Figure 21. As apparent from Figure 21, IO 0.5 EMIM
BF4 has the highest power density/internal surface area (SA), which may be a result of photonic
effects and more work is needed to verify this potential conclusion. The SA decreases with
increasing pore size; NP > IO 0.1 > IO 0.5 > IO 1.0 resulting in power density limitations as
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depicted in the values for IO 1.0. Although the NP samples have the largest SA, they become
restricted by accessibility into the network, as the viscosity of the electrolyte increases. The IO
0.1 cells exhibit a power density that is higher than the NP, but lower/similar to IO 0.5 cells.
This may be due to the increase accessibility of the structure from the NP to a more open, inverse
opal structure. However, we have not yet been able to explain why the IO 0.5 electrodes display
such high power densities in comparison to the IO 0.1.

The idea of a potential photonic affect occurring in the IO 0.5 electrodes with EMIM BF4
was briefly explored. In order to confirm this effect, we had to see if a band gap was present and
at which wavelength it is exhibited. The hybrid band structure of both AN and EMIM BF4 with
an inverse opal structure were generated by Dr. Harish Krishnamoorthy in Professor Menon's
group at Queens College, CUNY. Figure 22 and 23 include the band structure plots that were
generated, for each electrolyte solvent.

Figure 22. Band structure of an inverse opal in the presence of AN

At the L-point in Figure 22, the frequency, awhere a = 2

)occurs at a value of

0.7941. Therefore, at normal incidence, the band occurs at  ~ 890 nm for an inverse opal of
pore radius 0.25 m. The same analysis is done in Figure 23 for the EMIM band gap. Looking
from the L-point, which corresponds to illuminating the sample at normal incidence, we find that
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awhich results in a partial band gap occurring at ~ 900 nm for a pore size with a
radius of 0.25 m.

Figure 23. Hybrid band structure of an inverse opal in EMIM BF4
From these preliminary results into the exploration of a possible photonic effect, we can
note that it may not be the reason for the high power densities. However, when constructing the
band structure, the refractive index of the other components found in DSSCs, such as the dye and
the redox couple, were not taken into consideration. While it is unknown to us whether those
parameters will drastically change the value of the partial band gap, it should be explored in
more detail.

NP DSSC with IL electrolyte solvents
An unusual I-V profile was obtained for all of the NP TiO2 DSSCs with IL electrolyte
solvents. Figure 24 provides an example of the shape of the IV curve that is obtained when
using the EMIM BF4 based electrolyte solution. There is a particular trend with all of these cells,
after they reach a maximum point they begin to decrease, which is a behavior that is not
commonly seen for these systems. DSSCs exhibit their highest current density when the applied
potential of the cell is 0 V, because electrons are able to flow freely. This particular property of
these cells has to be analyzed more closely to determine what causes the decrease in JSC in NP
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cells containing ILs. While other researchers have incorporated ILs into DSSCs, additives are
normally included, which may affect the characteristics of the resulting IV curve.
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Figure 24. Short circuit current vs. Voltage for NP DSSC with EMIM BF4
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Chapter 7:

Summary and Future Work

Preparation of 0.1, 0.5 and 1.0 m PS opal templates was completed. Subsequently,
opals were infiltrated with a TiO2 precursor and calcined to produce inverse opal semiconductor
electrodes. We concluded that LPD produced better inverse opal structures for both 0.5 and 1.0
m particles; hence LPD was used in the production of all inverse opals used in this project.

Three ILs were selected as the electrolyte solvent based on a range of viscosities, low
toxicity, low volatility, and low cost.

Fabrication of DSSCs was completed and electrochemical analysis was done to observe
IV characteristics. From the data collected thus far, we have observed that (i) the current of the
cell decreases as the electrolyte volume decreases, (ii) there is a shift in the VOC from Day 1 to
Day 2, and (iii) the dye in the cell requires a day of stabilization.

A noticeable decrease in the VOC is seen in the ILs as a result of a more negative
conduction band. Also, NP DSSCs with ILs exhibit unusual IV profiles.

The SA and porosity of IO 0.5 plays an important role in the resulting efficiency of the
DSSC when incorporating more viscous electrolytes.
Future Work
In the future we will study the electrochemical impedance spectroscopy (EIS) of the NP
and IO DSSCs to get insight on what is physically and chemically occurring in them. EIS can
provide valuable insight on some of the unanswered questions we have regarding the relatively
high power seen in IO 0.5 cells and the unusual IV curve obtained for NP DSSCs with ILs.

EIS information is obtained by applying an AC potential at a specific potential to an
electrochemical cell and then measuring the resulting current that passes through the cell. The
information obtained from the cell is expressed in the form of two plots, Bode and Nyquist.
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Figure 25. Bode plot obtained from EIS (25)
The Bode plot, Figure 25, shows the phase angle, , and absolute impedance, |Z|, on the Yaxis, with frequency on the X-axis. The Nyquist plot, Figure 26, shows the imaginary versus real
component of impedance.

The disadvantage of the Nyquist plot is the lack of frequency

information; i.e., it is not clear at what frequency a particular point was measured.

Figure 26. Nyquist plot via EIS (25)
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Once this data is acquired for a cell, it is characterized using an equivalent circuit, which
attempts to model the components of the cell in terms of resistors and capacitors, while fitting
multiple parameters. The simplest equivalent circuit of a cell with one time constant is shown in
Figure 27.

Figure 27. Simplest equivalent circuit (25)
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